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Triggering of Methane Production in Rice Soils by Root Exudates: Effects of Soil
Properties and Crop Management

S. Mitra, M. S. Aulakh, R. Wassmann, and D. C. Olk*

ABSTRACT Methane formation during the early and mid-season
growth stages of lowland rice, which last 40 to 50 dElevated CH4 production in flooded soils during the reproductive

growth stages of lowland rice (Oryza sativa L.) is believed to result in tropical climates, results primarily from microbial
from decomposition of root exudates and autolysed root tissue. Little decomposition of freshly incorporated crop residues
else is known about the factors of late-season CH4 production. This (Wassmann et al., 2000; Chidthaisong and Watanabe,
laboratory study investigates the effects of soil properties and crop 1997). By contrast, high CH4 fluxes during the late-season
management practices on CH4 production from rice root exudates.

reproductive period of rice have been attributed to mi-In two anaerobic incubation experiments of 20-d duration, CH4 pro-
crobial decomposition of rice root exudates and auto-duction was measured following addition of root exudates and glucose
lysed root tissues (Lindau et al., 1991; Sass and Fisher,to Philippine rice soils that were collected from (Exp. I) five farmers’

fields and (Exp. II) four field treatments that varied in degree of soil 1997), because they occur solely in the presence of grow-
aeration through crop rotation and timing of crop residue incorpora- ing plants and at a crop growth stage marked by high
tion. The conversion of glucose-C to CH4 was 1.6 to 3.6 times greater root activity (Holzapfel-Pschorn et al., 1986; Schütz et
than the conversion of root exudate C. In Exp. I, rates of CH4 produc-

al., 1989a). Direct evidence for CH4 formation from roottion differed among the five rice soils. The sole soil property that
exudates was obtained through pulse labeling of ricewas correlated with cumulative CH4 production was cation-exchange
plants with 14CO2 (Dannenberg and Conrad, 1999), andcapacity (CEC). In Exp. II, however, no soil property was correlated

with CH4 production from glucose and root exudates. Instead, CH4 the influence of root exudates and other exogenous
production was greatest in the soils that had been sampled from the substances on CH4 production under controlled condi-
better-aerated field treatments, which opposes the common associa- tions has been studied for some soils (Wassmann et al.,
tion of CH4 production with anaerobic conditions. The exact reason 1998; Lu et al., 2000; Aulakh et al., 2001b). Yet, addi-for this trend is unknown. One possible explanation is that organic

tional information is desirable on CH4 production frommatter in soils of the better-aerated field treatments provided less
root exudates for a wider range of soil conditions.chemical stabilization of the amended substances, enabling their faster

conversion into CH4. Soil properties alone appear inadequate to ex- Management practices such as rotation with upland
plain differences in CH4 production from root exudates; crop manage- crops, timing of fertilizer application relative to crop
ment practices appear to play a role. residue decomposition, and soil aeration at time of crop

residue incorporation can affect several properties of
irrigated lowland rice soils, including amount and qual-

Irrigated lowland rice fields are one of the most ity of soil organic matter, microbial biomass, and N
important CH4 sources worldwide. Estimated annual supply (Witt et al., 1998). These management practices

CH4 emission from rice fields ranges from 57 to 82 Tg are known to alter CH4 formation from decomposingyr�1 (Bachelet and Neue, 1993) and may contribute 10
crop residues during the early and mid-season stagesto 15% of global CH4 emissions (Neue, 1993). Rice
of rice crop growth (Abao et al., 2000). Yet limitedplants play an important role in regulating the CH4 information exists whether management-induced changesbudget of rice fields (Rennenberg et al., 1992; Neue
in soil properties also affect CH4 formation during re-and Sass, 1998; Nakićenović et al., 2000). They provide
productive growth stages.methanogenic substrate through crop residues, root exu-

In this study, root exudates and glucose were addeddates and decaying root tissues, they transport CH4 and
under controlled conditions to several lowland rice soilsO2 between soil and atmosphere through a well-devel-
and the resulting triggering of methane production wasoped system of intercellular air spaces (aerenchyma),
measured. To distinguish the influences of intrinsic soiland they create an active CH4–oxidizing site in the rhizo-

sphere (Mitra et al., 1999; Wassmann and Aulakh, 2000). properties on CH4 production from those of crop man-
agement practices, root exudates and glucose were
added to two sets of lowland rice soils from the Philip-
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rice residues were incorporated via early incorporation. In theMATERIALS AND METHODS
IRRI-3 and IRRI-4 treatments, application of N fertilizer was

Collection and Analysis of Soils omitted but each rice crop received 26 kg P ha�1 and 50 kg
K ha�1.In Exp. I (triggering of CH4 production by root exudate

For all nine field treatments, soil was sampled from theand glucose amendment to different soils), five soils (Bugallon,
0- to 15-cm surface layer after harvest of the wet season riceLuisiana, Famy, Maligaya, and Pila) were sampled in farmers’
crop in October 1998. Samples were collected with a corefields that were located in Laguna Province (Philippines)
sampler of 8-cm diam. For each farmer’s field, three coringsacross an area of about 15-km radius (Table 1). All fields had
were taken near the middle of the field and mixed togetherbeen in the conventional rotation of double-cropped lowland
to make one composite. Each IRRI soil was a composite ofrice, where rice was grown in flooded soil during both the
soil taken from three replicate plots. Each composite soil wasdry season (January–April) and wet season (July–October).
mixed, air-dried, and sieved through a 2-mm screen, and aUnder this rotation fields are normally drained shortly before
representative subsample was drawn for all further analyses.the harvest of each crop, allowing the surface soil to air-dry
The subsamples were stored in darkness at 25�C until theduring the subsequent 2-mo fallow. The fields of Exp. I were
incubation experiments were performed. Three replicates ofmanaged under standard cultivation practices with recom-
each composite were used for all analyses.mended rates of mineral fertilizers.

The soils were analyzed for total C (automated combustionIn Exp. II (effect of crop management on the triggering of
analyzer), NaHCO3–extractable P (Olsen et al., 1954), ammo-CH4 production by root exudates and glucose), the Maahas
nium acetate-extractable K (Great Britain Ministry of Agricul-clay soil was sampled from four treatments within three field
ture, Fisheries, and Food, 1981), dithionite-extractable activeexperiments on the research farm of the International Rice
Fe and Mn (Asami and Kumada, 1959), CEC (Great BritainResearch Institute (IRRI), Los Baños, Laguna, Philippines
Ministry of Agriculture, Fisheries, and Food, 1981), pH in 1:1(Table 1). All fields were in annual double-cropped rotations.
soil/water slurries (Peech, 1965), and particle size (Day, 1965).The IRRI-1 soil was under the conventional rice–rice rotation.

During several years before sampling, aboveground crop resi-
dues had been removed from this field after the harvest of Substrate Preparation
each crop. Because no tillage was done after harvest, decompo-

Thirty rice plants of the high-yielding semidwarf cultivarsition of the crop roots in the dry surface soil was probably
IR72 were grown in the greenhouse in flooded potted soildelayed largely until the end of the fallow, when the field was
as described by Aulakh et al. (2001a). Root exudates weretilled and flooded in preparation for the subsequent crop,
collected at the panicle initiation growth stage following thefollowing standard management practices. Recommended fer-
procedure of Aulakh et al. (2001a, 2001b). Briefly, intact plantstilizer rates were applied to each crop: 120 kg N ha�1 (as urea),
were removed from the potted soil and the root system of26 kg P ha�1 (as superphosphate), and 50 K kg ha�1 (as KCl).
each plant was placed in a PVC tube containing 500 mL ofThe IRRI-2 soil was under a rice–rice rotation during the
0.01 M CaSO4·2H2O. This solution provided the root cells withprevious 5 yr, and aboveground crop residues were returned
an osmotic environment that approximated the soil solution,to the soil during tillage at the end of the fallow. This “late”
enabling more realistic rates of root exudation compared withincorporation was about 18 d before transplanting of the sub-
a deionized water medium (Aulakh et al., 2001a). It also en-sequent crop and resulted in anaerobic decomposition of all
abled subsequent analyses for total solution C and organiccrop residues, the conventional practice of tropical lowland
acids; nutrient solutions, while more representative of the soilrice farmers including those of Exp. I. Fertilizer rates were
solution, interfered with these analyses. After 2 h, the CaSO4the same as for IRRI-1. The IRRI-3 soil was also under a
solution was removed, and the combined exudate solutionrice–rice rotation. For 5 yr previous to sampling, crop residues
from all plants (15 L) was filtered successively through What-were incorporated within 2 to 3 wk after harvest (“early”
man No. 42 filter paper and a 0.45-�m membrane filter toincorporation), hence decomposing under aerobic conditions
remove root detritus and microbial cell debris. Then it wasthat lasted throughout most of the fallows. In this field, the
concentrated to 600 mL through freeze-drying. This final solu-bulk of the crop residues were decomposed within 60 d of
tion of root exudates was added to the soils in both Exp. Iearly incorporation (Witt et al., 2000). The IRRI-4 soil was
and II, and it had a concentration of 1.2 g total organic C L�1from the same field as IRRI-3 but was under a maize (Zea
as determined through the wet digestion procedure describedmays L.)–rice rotation, where maize was grown in aerated soil
by Nelson and Sommers (1996) and modified by Aulakh etduring the dry season followed by rice grown in flooded soil

during the wet season. During the previous 5 yr, maize and al. (2001a). Individual organic acids in the exudate solution

Table 1. Selected properties of the soils used in Experiments I and II.

Philippine C/N Active Active
Soil province Soil order (USDA) Total C ratio Fe Mn pH Available P Available K CEC Clay Silt

1:1
g kg�1 g kg�1 soil/H2O mg kg�1 cmolc kg�1 g kg�1

Exp. I

Bugallon Pangasinan Typic Haplaquoll 24.3 10.6 6.5 0.2 6.9 3.4 0.1 56.8 290 570
Luisiana Laguna Aquic Troporthent 18.1 10.1 43.3 0.9 4.3 4.1 0.1 24.2 290 660
Famy Laguna Vertic Tropaquept 14.9 11.5 12.6 0.5 6.1 11.0 0.2 18.7 420 540
Maligaya Nueva Ecija Ustic Endoquerts 11.8 14.8 16.7 1.5 6.2 1.8 0.3 31.1 690 260
Pila Laguna Andaqueptic Haplaquoll 45.5 12.6 11.3 1.6 7.5 62.0 0.4 44.2 210 580

Exp. II

IRRI-1 Laguna Aquandic Epiaquoll 12.4 – 17.3 0.7 6.7 9.4 0.6 38.2 520 360
IRRI-2 Laguna Aquandic Epiaquoll 16.4 – 20.5 0.7 6.4 15.0 0.9 37.7 550 360
IRRI-3 Laguna Aquandic Epiaquoll 16.0 11.4 25.7 0.9 6.8 32.0 1.1 37.6 580 390
IRRI-4 Laguna Aquandic Epiaquoll 14.2 11.7 27.4 1.3 6.9 29.0 1.1 37.2 580 360
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were measured by the protocol of Badoud and Pratz (1986) RESULTS AND DISCUSSION
as modified by Aulakh et al. (2001a). Total carbohydrate con-

Soil Propertiestent of the exudate solution was determined by the anthrone
colorimetric assay (Brink et al., 1960). Total soil C content varied four-fold among the nine

In both Exp. I and II, glucose was considered the standard soils used in Exp. I and II, and active Fe and Mn varied
source of exogenous organic C for CH4 production, as it has six- and eight-fold, respectively (Table 1). Soil pH values
been used in previous studies (Lu et al., 2000). A stock glucose were mildly acidic except for the strongly acidic Luisiana
solution of concentration 3.47 mM was diluted to the same C and mildly alkaline Pila. Most on-farm soils (Exp. I)
concentration as the final root exudate solution (1.2 g total were relatively low in available P and K. By comparison,
organic C L�1). The glucose stock solution and the initial root the IRRI soils (Exp. II) had high levels of available Pexudate solution were diluted with 0.025 M KH2PO4–Na2HPO4 and K. Silt was the major soil size separate in four of thebuffer solution so that both final solutions had a pH of 6.8.

five on-farm soils, while clay dominated the IRRI soils.

Measurement of Methane Production Experiment I: Triggering of CH4 Production by
Root Exudate and Glucose Amendment toFor both experiments, 81 incubation vessels (nine soils �

three substrate treatments � three laboratory replications) Different Soils
were prepared by mixing 20 g of air-dried soil with 20 mL By the end of the 70-d pre-incubation, CH4 produc-of deionized water in 100-mL spoutless glass beakers, each

tion had ceased in the control treatment for the five on-containing a magnetic bar. Each beaker was sealed with a
farm soils (Fig. 1a), indicating depletion of all substratesrubber stopper equipped with a gas outlet and an inlet as
that had initially been available to methanogens. Fordescribed by Mitra et al. (2002a). The soil suspensions were
all five soils, the total amount of CH4 produced duringde-aerated with N2 gas for 3 min at a flow rate of 300 mL
this pre-incubation was similar between the unamendedmin�1 while the suspensions were stirred simultaneously. Then
control vessels and those incubation vessels that werethe vessels were capped and pre-incubated for 70 d at 30�C,
dedicated to subsequent addition of glucose or rootby which time the soils had attained their equilibrium redox

potential (EH) values. This length of preincubation ensured exudates (Fig. 2a).
the reestablishment of anaerobic conditions following the air- After the 70-d pre-incubation, the rate of CH4 produc-
drying and grinding of the soils so that subsequent addition of tion began increasing in all soils within hours after spik-
C substrates and ensuing methanogenesis would occur under ing of glucose (Fig. 1b) or root exudates (Fig. 1c), con-
conditions representative of late-season crop growth stages. firming the finding of Aulakh et al. (2001b) that root
Headspace air was periodically sampled during this period to exudates can contribute to CH4 production. During the
measure the background CH4 production rate before spiking next 8 d, the rate of CH4 production in all soils remained
with the root exudate or glucose solution. faster following glucose addition than following root

After 70 d, substrate treatments (glucose, root exudates, exudate addition. The rate of CH4 production varied
and unamended control) were imposed by adding 20 mL of considerably among the five soils; for example after 24 heither deionized water (control) or the final solutions of glu-

it varied by two- to four-fold. During the first 4 d thecose or root exudates into an incubation vessel, resulting in
Bugallon soil had the highest production rate for botha final soil/water ratio of 1:2. Immediately after spiking, the
the glucose and root exudates treatments, and Famysoil suspensions were de-aerated with N2 gas for 3 min and
and Pila had among the lowest rates.reincubated at 30�C. For both Exp. I and II, daily CH4 produc-

This increased production of CH4 was transient;tion was measured 2 h, 6 h, 12 h, 1 d, 2 d, 3 d, 7 d, 13 d, and
within 12 d of spiking the daily rate of CH4 production20 d after spiking. Twenty-four hours before an incubation
had decreased considerably. The pattern of decreasevessel would be sampled for CH4 production, it was flushed
varied considerably among soils; the decrease beganwith N2 gas at 250 mL min�1 for 3 min to remove accumulated

CH4. At each sampling time, triplicate 1-mL gas samples of soonest and was steepest for the Bugallon soil in the
the headspace of each vessel were removed through a septum glucose treatment, and the CH4 production rate de-
for determination of CH4. Further details on the sampling creased faster in the glucose treatment than in the root
procedure were provided by Mitra et al. (2002a). exudate treatment for all soils.

Methane concentration was determined on a gas chromato- Cumulative CH4 production during the 20-d incuba-
graph equipped with a flame ionization detector and a Porapak tion of the glucose treatment was at least double that
N column (100/200 mesh, 2 m � 20 mm i.d.), with N2 as the of the root exudate treatment in four of the five soils
carrier gas. The column and detector temperatures were 60 (Fig. 2b). Total methane production in the Bugallon soil
and 150�C, respectively. The CH4 production rate was com- was double that in the Famy soil for both glucose and
puted using the following equation: root exudate treatments, and the other three soils had

intermediate levels of production.Methane production rate (g CH4 g�1 soil d�1) �
Because all five soils had relatively similar histories

(dc/dt) [(Vhs � MW)/(Ws � MV)] [1] of land use and crop management, the variation in pat-
tern and amount of CH4 production suggests that thewhere dc/dt represents the change in the concentration of CH4
stimulating effect of root exudates on CH4 productionin the vessel headspace per day (L L�1 d�1), Vhs the volume
is influenced by intrinsic soil properties, as has beenof headspace (L), MW the molecular weight of CH4 (16 g
shown previously for CH4 production from incorporatedmol�1), Ws the dry weight of soil (g), and MV the molecular

volume of CH4 at 30�C (24.88 L mol�1). crop residues (Wassmann et al., 1998). Of the soil prop-
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Fig. 2. Total CH4 production for five rice soils taken from farmers’
fields (a) during a 70-d pre-incubation, and (b) during a 20-d incuba-
tion following spiking with glucose or root exudates compared with
the unamended control treatment. Vertical bars represent standard
errors of three laboratory replicates.

Experiment II: Effect of Crop Management on
the Triggering of CH4 Production by Root

Exudates and Glucose
During the 70-d pre-incubation period, the rate of

CH4 formation in the unamended control treatment re-
mained negligible in the IRRI-1 and IRRI-2 soils and
rose only slightly in IRRI-3 and IRRI-4 (Fig. 3). Cumu-
lative CH4 production during this period differed little
between the control treatment and those samples desig-Fig. 1. Daily rates of CH4 production for lowland rice soils taken from
nated for amendment at 70 d with glucose or root exu-five farmers’ fields for (a) the unamended control treatment during

a 70-d pre-incubation plus an additional 20 d that corresponded to dates (Fig. 4a).
the post-spiking incubation, and during a 20-d incubation following Following spiking with glucose or root exudates, the
spiking at 70 d with (b) glucose and (c) rice root exudates. From rate of CH4 production increased in soils from all four0 to 70 d, trends in the control treatment were identical to those

field treatments, but in a manner that appeared to de-of the glucose and root exudate treatments (not shown). Vertical
bars represent standard errors of three laboratory replicates. Units pend on crop management practices (Fig. 3). For IRRI-1
of the samplings from 0 to 24 h after spiking (inset graphs) are �g and IRRI-2, the rice–rice treatments with anaerobic de-
CH4 g –1 soil d�1. composition of roots or of all crop residues, the produc-

tion increase was subdued, with a delayed response fol-
erties listed in Table 1, however, only CEC was signifi- lowing spiking and peak production reached at modest
cantly correlated (P � 0.05) with cumulative CH4 pro- levels after about 16 d. For IRRI-3 and IRRI-4, the
duction, and then only for the root exudate treatment. rice–rice and rice–maize treatments, respectively, with
This association was positive, consistent with the results aerobic decomposition of crop residues, the onset of
of Mitra et al. (2002a, 2002b) for CH4 production from CH4 production was more vigorous. Its rate began in-

creasing sharply within hours after spiking with eitherunamended soil.



R
ep

ro
du

ce
d 

fr
om

 S
oi

l S
ci

en
ce

 S
oc

ie
ty

 o
f A

m
er

ic
a 

Jo
ur

na
l. 

P
ub

lis
he

d 
by

 S
oi

l S
ci

en
ce

 S
oc

ie
ty

 o
f A

m
er

ic
a.

 A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

MITRA ET AL.: TRIGGERING METHANE PRODUCTION IN RICE SOILS 567

Fig. 3. Daily rates of CH4 production for lowland rice soils taken from four crop management treatments on the IRRI research farm. IRRI-1
is double-cropped rice with removal of aboveground crop residues and anaerobic decomposition of crop roots. IRRI-2 is double-cropped rice
with anaerobic decomposition of all crop residues. IRRI-3 is double-cropped rice with aerobic decomposition of all crop residues. IRRI-4 is
a rice-maize rotation with aerobic decomposition of all crop residues. The graph for the unamended control treatment shows production rates
during a 70-d pre-incubation plus an additional 20 d that corresponded to the post-spiking incubation. Graphs for each of the four management
treatments depict CH4 production during the 20-d incubation following spiking with glucose or root exudates compared to the unamended
control. Units of the samplings from 0 to 24 h after spiking (inset graphs) are �g CH4 g –1 soil d�1. Vertical bars represent standard errors
of three laboratory replicates. Abbreviations: DOI, days of incubation; DAS, days after spiking.

root exudates or glucose, and peak production was four soils reflected differences in the conversion of the
amended glucose and root exudates to CH4.reached after 8 d (root exudates) or 12 d (glucose) at

rates well above those achieved in IRRI-1 and IRRI-2. In soils from all four field treatments, cumulative CH4

production during the 20-d incubation for the glucoseFor the remainder of the 20-d incubation, CH4 produc-
tion decreased by a larger amount for IRRI-3 and IRRI-4 treatment was 2.9- to 3.6-fold that for root exudates.

Similarly in Exp. I, the range was 1.6- to 2.7-fold, al-than for IRRI-1 and IRRI-2. Cumulative CH4 produc-
tion during the 20-d period for both the root exudate though glucose and root exudates were added at the

same rate of 1.2 g C kg�1 soil in both experiments.and glucose treatments followed the order IRRI-1 �
IRRI-2 � IRRI-3 � IRRI-4 (Fig. 4b), although statisti- In previous studies, glucose amendment enhanced CH4

production compared with acetate amendment in twocal significance cannot be established due to lack of
field replication. Methane production in the unamended wetland soils from the Florida Everglades (Bachoon

and Jones, 1992) and two Philippine rice soils (Lu etcontrol vessels was negligible for soils from all four
management treatments during this 20-d period (Fig. 3, al., 2000).

The consistently higher production of CH4 from glu-4b), indicating that CH4 production after spiking in these
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press methanogens through substrate competition (Lov-
ley and Klug, 1983). Lu et al. (2000), however, collected
root exudates in a sulfate-free solution and still found
they provided less CH4 production than did glucose
when added to some of the same soils used in this study,
suggesting an intrinsic difference between root exudates
and glucose in their potential for CH4 production.

The degree to which root exudates and glucose were
converted to CH4 was positively associated in Exp. II
with the degree of soil aeration during previous crop
management. The greatest CH4 production during the
20-d incubation occurred in soils from the treatments
with aerobic decomposition of either rice residues
(IRRI-3 soil) or maize and rice residues (IRRI-4 soil),
although statistical significance cannot be established.
These results are not consistent with our current under-
standing of the soil conditions that promote methano-
genesis. Specifically, they oppose the general association
of CH4 production with anaerobic soil conditions. They
contradict trends in microbial subpopulations of the
IRRI soils as determined by fatty acid methyl ester
analysis: more anaerobic subpopulations were found in
field treatments with (i) anaerobic decomposition of
crop residues compared with aerobic decomposition,
and (ii) the rice–rice rotation compared with the rice–
maize rotation (K. M. Scow, personal communication).
Our findings are contrary to the association by Chidthai-
song et al. (1999) of increased CH4 production with
application of N fertilizer, as N fertilizer was applied
solely to IRRI-1 and IRRI-2. Commonly measured soil
properties (Table 1) did not indicate an explanation forFig. 4. Total CH4 production for rice soils taken from four crop man-

agement treatments on the IRRI farm (a) during a 70-d pre-incuba- CH4 trends in Exp. II. Although CEC was positively
tion, and (b) during a 20-d incubation following spiking with glucose associated with CH4 production from root exudates in
or root exudates compared with the unamended control treatment. Exp. I, it scarcely varied among the four IRRI soilsManagement treatments are explained in Fig. 3. Vertical bars repre-

despite their distinctly different rates of CH4 production.sent standard errors of three laboratory replicates.
Active Fe, commonly thought of as a CH4 suppressant

cose than from root exudates during the 20-d incubation (Ito et al., 2002; Gaunt et al., 1997) was more abundant
is likely due to substrate quality. Glucose contains easily in IRRI-3 and IRRI-4 than in IRRI-1 and IRRI-2. The
degradable C, whereas root exudates contain a variety soil C/N ratio varied from 10.1 to 14.8 among the soils
of C compounds, including organic acids such as malic, of Exp. I and had no association with CH4 production.
tartaric, succinic, citric, and lactic acid (Table 2). Com- Total soil N was not available for IRRI-1 and IRRI-2,
pared with glucose, simple organic acids have been ob- but the C/N ratios for IRRI-3 and IRRI-4 do not suggest
served to better resist microbial degradation under that CH4 production was associated with more labile
flooded conditions (Tate, 1979; Schütz et al., 1989b). A soil organic matter, that is, a low C/N ratio.
second possible cause of the greater CH4 production in Amendment of organic compounds accelerated the
the glucose treatment was the high (approximately 0.12 decomposition of native soil organic matter into CH4 in
M) sulfate concentration in the solution of the soils other studies (Dalenberg and Jager, 1989; Lu et al.,
spiked with root exudates. Sulfate levels greater than 2000), but we did not observe this effect. Transformation
60 to 105 �M can stimulate sulfate reducers, which sup- efficiencies, calculated as the molar ratios of methane-C

produced/substrate-C amended (Lu et al., 2000), indi-
Table 2. Composition of the final root exudate solution that was cated that the quantity of CH4–C evolved in this studyadded to the soil samples after 70-d pre-incubation. The root

was at most 28% of amended C. Accelerated decompo-exudates were collected at the panicle initiation growth stage
sition of native organic matter would be indicated onlyof the rice plants.
when this value exceeds the 50% efficiency that occursCompound Concentration
with stoichiometric conversion of glucose to CH4 (Lu

Malic acid 12.06 mM et al., 2000).Tartaric acid 1.21 mM
Hence the positive association of soil aeration withSuccinic acid Not detected

Citric acid 1.74 mM CH4 production from root exudates and glucose must
Lactic acid Not detected involve other processes that have not yet been associ-Total organic acids 0.75 g C L�1

Total carbohydrates 0.45 g C L�1 ated with methanogenesis. Root exudates and cellular
Total organic C 1.20 g C L�1

remnants of microorganisms that fed off the root exu-
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dates and glucose were likely incorporated to some de- decomposition of crop residues. We speculate that soil
aeration changed the chemical nature of young soil or-gree into the soil organic matter, which involves chemi-

cal binding. As one possible explanation for our results, ganic matter such that it provided less chemical stabiliza-
tion of the amended substances and enabled their fasterwe speculate that young soil organic matter in soils

from the better aerated treatments (IRRI-3 and IRRI-4) conversion into CH4, compared with the more anaero-
bic treatments.formed fewer or weaker chemical bonds with the root

exudates, glucose, and cellular remnants than did the
young organic matter that formed under the more an- ACKNOWLEDGMENTS
aerobic conditions of IRRI-1 and IRRI-2. Consequently
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